Drynaria roosii (Nakaike) is a traditional Chinese medicinal fern, known as 'GuSuiBu'. The effective components, naringin and neoeriocitrin, share a highly similar chemical structure and medicinal function. Our HPLC-tandem mass spectrometry (MS/MS) results showed that the accumulation of naringin/neoeriocitrin depended on specific tissues or ages. However, little was known about the expression patterns of naringin/neoeriocitrin-related genes involved in their regulatory pathways. Due to a lack of basic genetic information, we applied a combination of single molecule real-time (SMRT) sequencing and second-generation sequencing (SGS) to generate the complete and full-length transcriptome of D. roosii. According to the SGS data, the differentially expressed gene (DEG)-based heat map analysis revealed that naringin/neoeriocitrin-related gene expression exhibited obvious tissue-and time-specific transcriptomic differences. Using the systems biology method of modular organization analysis, we clustered 16,472 DEGs into 17 gene modules and studied the relationships between modules and tissue/time point samples, as well as modules and naringin/neoeriocitrin contents. We found that naringin/neoeriocitrin-related DEGs distributed in nine distinct modules, and DEGs in these modules showed significantly different patterns of transcript abundance to be linked to specific tissues or ages. Moreover, weighted gene co-expression network analysis (WGCNA) results further identified that PAL, 4CL and C4H, and C3H and HCT acted as the major hub genes involved in naringin and neoeriocitrin synthesis, respectively, and exhibited high co-expression with MYB-and basic helix-leucine-helix (bHLH)-regulated genes. In this work, modular organization and co-expression networks elucidated the tissue and time specificity of the gene expression pattern, as well as hub genes associated with naringin/neoeriocitrin synthesis in D. roosii. Simultaneously, the comprehensive transcriptome data set provided important genetic information for further research on D. roosii.
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Introduction (Chinese Pharmacopoeia Commission 2015) . Naringin can improve bone properties, stimulate osteogenic differentiation and ameliorate bone loss (Ma et al. 2016) . Neoeriocitrin, which displays a similar structure and function to naringin, has been reported to exert a better stimulating effects on cell proliferation and osteogenic differentiation, and to have a rescue effect on the inhibition of osteogenic differentiation (Li et al. 2011) .
Flavonoids are one of the largest groups of secondary metabolites and are widely distributed in plants (W.J. . The composition of flavonoids is largely dependent on the plant species, developmental stage, tissue type and key ecological influences of biotic and abiotic origins (Mouradov and Spangenberg 2014) . The environmental or developmental regulation of flavonoids mostly relies on the co-ordinated expression of early and late biosynthetic genes (W.J. . The early biosyntheic genes, which include chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H) and flavanone 3'-hydroxylase (F3'H), are involved in the production of common precursors. In contrast, the late biosynthetic genes are usually downstream genes, comprising dihydroflavonol-4-reductase (DFR), leucoanthocyanidin reductase (LAR), anthocyanidin synthase (ANS) and anthocyanidin reductase (ANR) ). Transcriptional regulation also plays an important role in the control of flavonoid biosynthesis, and six transparent testa (tt) genes [TT2 (MYB123), TT8 (bHLH042), TTG1 (WD40 or WDR), TT16/ABS (MADS box, AGL32), TT1 (WIP1/Zn finger) and TTG2 (DSL1/WRKY44)], a R3-MYB gene (MYBL2), R2R3-MYB genes (MYB12, MYB11, MYB111) and MYB-bHLH-WDR complex genes (i.e. TT2-TT8-TTG1, MYB5-TT8-TTG1, TT2-EGL3-TTG1 and TT2-GL3-TTG1) have been confirmed to be involved in encoding transcriptional regulators in the control of flavonoid biosynthesis .
The advent of second-generation sequencing (SGS) technologies, such as Illumina technology, has stimulated the construction of genome and transcriptome resources for medicinal mushroom and plant species, such as Ganoderma lucidum and Salvia miltiorrhiza (Chen et al. 2012 , Xu et al. 2016 . However, the short reads obtained from SGS result in incompletely assembled transcripts and loss of some important information. Recently, single-molecule real-time (SMRT) sequencing conducted using the PacBio RS system has provided a thirdgeneration sequencing platform that offers four major advantages: long read lengths, high consensus accuracy, a low degree of bias and simultaneous capability for epigenetic characterization (Huddleston et al. 2014) . Full-length transcript sequences permit efficient analysis of alternative splicing, alternative polyadenylation, novel genes, non-coding RNAs and fusion transcripts, facilitating a complete understanding of the transcriptional behavior of plants with available reference genomes, such as S. miltiorrhiza and sorghum (Z.C. , Abdel-Ghany et al. 2016 . Additionally, full-length transcript sequences provide information on the total length of transcripts that do not need to be assembled because PacBio reads cover most of the transcripts of plants without an available reference genome, such as Agave deserti, Agave tequilana, Fritillaria and Astragalus membranaceus (Gross et al. 2013 , B. Li et al. 2014 . One concern regarding PacBio sequencing is its relatively high error rate (up to 15%), which can be addressed through correction with SGS reads and/or self-correction using circular consensus sequencing (CCS) reads (Q.S. .
There has been burgeoning interest in using a network approach to discover gene-gene dependencies in the field of systems biology, and high-throughput sequencing has contributed to an increase in data sets obtained from omics analyses, allowing the complex regulatory networks associated with biological processes to be understood (Ruan et al. 2010) . In transcript expression data, interactions may be determined based on the correlation between the expression of paired genes, and a gene co-expression network is constructed through the discovery of non-random gene-gene expression dependencies derived from a collection of transcriptome data sets (Ficklin and Feltus 2011) . Various software tools for the construction of co-expression networks have been developed with the aim of analyzing data sets to predict hub genes that could regulate a specific pathway or be involved in a particular biological process (Moschen et al. 2016) . Weighted gene co-expression network analysis (WGCNA) is a typical R package algorithm method designed to identify clusters (modules) of highly correlated genes or metabolites based on high-throughput transcriptomic sequences (Langfelder and Horvath 2008) , which has been widely used in plant species such as Arabidopsis thaliana (Xie et al. 2015) , maize (Tan et al. 2017) , Populus (Gerttula et al. 2015) and cotton (Naqvi et al. 2017) .
The wild D. roosii resources have been overexploited in China, and artificial cultivation is therefore important. In this work, we found 8 years or longer was necessary for artificially cultivated D. roosii to accumulate a level of naringin/neoeriocitrin similar to wild plants, and the accumulation of both components depended on specific tissues or ages. To date, the molecular regulatory mechanisms of naringin/neoeriocitrin accumulation remain largely unclear in D. roosii. Here, the different tissues (old rhizome, new rhizome, veins and leaves) and rhizomes from plants of different ages (2, 3, 5, 6, 8 and 10 years old) were used as the experimental materials. We combined SMRT sequencing and SGS to generate the complete and fulllength transcriptome of the fern D. roosii. Due to the similar chemical structure and medicinal function of naringin and neoeriocitrin, we further analyzed RNA sequencing (RNA-seq) data to understand the naringin/neoeriocitrin-related gene expression pattern (NNRGEP) in D. roosii. Our method can detect gene expression levels at the transcriptome scale, which is not dependent on the reference genome. Moreover, the systems biology method of WGCNA was used to cluster gene modules and identify hub genes associated with naringin/neoeriocitrin, and the results provided significant insight into the modular organization and co-expression networks underlying the NNRGEP of D. roosii. Our data set will serve as a valuable resource for novel gene discovery and analyses of genomics and functional genomics in fern. Understanding the regulation of flavonoid metabolism is important to generate plants enriched with flavonoid compounds to obtain desirable dietary and beneficial health properties. Studying the NNRGEP will be valuable in efforts to improve the medicinal contents of naringin/neoeriocitrin more rapidly in D. roosii.
Results

HPLC-MS/MS analysis of naringin/neoeriocitrin accumulation in D. roosii
First, we determined the naringin/neoeriocitrin contents of four different tissues [leaves (CLs), veins (CVs), new rhizomes (CNRs) and old rhizomes (CORs)] from 3-year-old plants using HPLC, and three replicates were carried out for each sample (Fig. 1A) . As shown in Figs. 1C and 2A, the contents of naringin in CLs, CVs, CNRs and CORs were 0.0473, 0.0171, 1.093 and 0.5559%, respectively, suggesting that naringin mainly accumulates in rhizomes, and especially in CNRs. The neoeriocitrin contents of CLs, CVs, CNRs and CORs were 0.0709, 0.0023, 0.1095 and 0.2109%, respectively, indicating that neoeriocitrin mainly accumulates in rhizomes and is present at a much higher level in CORs. To obtain more insights into the accumulation of naringin/neoeriocitrin with increasing age in D. roosii, we detected the contents of these two compounds in the rhizomes of wild-type plants (WT), 2-year-old plants (R2Y), 3-yearold plants (R3Y), 5-year-old plants (R5Y), 6-year-old plants (R6Y), 8-year-old plants (R8Y) and 10-year-old plants (R10Y) using HPLC, and three replicates were carried out for each sample (Fig. 1B) . As shown in Fig. 1B and E, we found that the fresh and dry weight of rhizomes accumulated steadily over the years. The fresh and dry weight were only 2.86 and 0.22 g for R2Y, 14.76 and 1.73 g for R3Y, and reached up to 100.76 and 16.15 g for R10Y. Moreover, the new rhizomes accumulated in the early years with a higher proportion than the old rhizomes, while the old rhizomes accumulated in the later years with a higher proportion than the new rhizomes. Figs. 1D and 2B show that the naringin contents of WT, R2Y, R3Y, R5Y, R6Y, R8Y and R10Y rhizomes were 0.7840, 0.7031, 0.5689, 0.5955, 0.6623, 0.6960 and 0.6420%, respectively, suggesting that naringin acts as an intermediate product and accumulates stably over time, with some fluctuation. The neoeriocitrin contents of WT, R2Y, R3Y, R5Y, R6Y, R8Y and R10Y rhizomes were 0. 774, 0.1775, 0.2019, 0.3253, 0.4083, 0 .9855 and 1.2064%, respectively, which revealed that neoeriocitrin accumulates and increases gradually over time (Figs. 1D, 2B ). Additionally, we found that !8 years was necessary for D. roosii to accumulate a similar level of naringin/neoeriocitrin in comparison with wild plants. (Figs. 1D, 2B) .
One concern about the determination of the components was to ensure reliable characterization of the target compounds (Li et al. 2004 ). Here, we compared the mass spectra and retention times of target compounds with those of corresponding reference standards from HPLC-tandem mass spectrometry (MS/MS). HPLC-MS/MS analysis confirmed that the target compounds of our biological samples with retention times of 19.50 and 24.75 min were naringin (with a mass spectrum of m/ z 579 and major ion fragments of m/z 151, 271 and 459; Fig. 2C , E) and neoeriocitrin (with a mass spectrum of m/z 595 and major ion fragments of m/z 151, 287 and 459; Fig. 2D, F) . Notably, the MS/MS data showed one different major ion fragment between naringin (m/z 271) and neoeriocitrin (m/z 287), which suggested a highly similar chemical structure with the only difference of one hydroxyl group. Taken together, our results confirmed that the accumulation of naringin/neoeriocitrin obviously showed tissue and time specificity in D. roosii.
Single-molecule real-time sequencing of D. roosii tissues captures full-length transcripts
The lack of comprehensive D. roosii gene sequence data sets limits the scope of investigations into the molecular genetic basis of the metabolism of the medicinal ingredients. Here, we used SMRT technology to generate the complete and fulllength D. roosii transcriptome. We generated 4,364,566 raw reads (12.2 billion bp) using the PacBio RS platform. After performing filtering using RS_Subreads.1 of PacBio RS, approximately 12 G of subread data were obtained. We applied RS_IsoSeq.1 protocols (https://github.com/PacificBiosciences/ ), including classify, cluster and quiver, to generate CCS data, which provides much more accurate sequence information from reads that pass through the insert at least three times (Sharon et al. 2013) . The numbers of reads of insert (ROI) with high accuracy (read quality >0.85) from the different libraries (<1, 1-2, 2-3, 3-4, 4-5 and >5 kb) were 103,983, 76,059, 108,381, 93,698, 101,228, 109,469 and 68,839, respectively (Supplementary Table S1 ; Supplementary Fig. S1 ), and most of the read quality values were distributed above 0.95 ( Supplementary Fig. S2 ). As shown in Supplementary Fig. S3 , we found that the length of ROI sequences in different libraries depended on the library size. Statistically, the numbers of fulllength reads obtained from the different libraries (<1, 1-2, 2-3, . The red arrow presents the target peak of neoeriocitrin and the blue arrow presents the target peak of naringin. Three replicates were carried out for each sample. (B) The chromatogram indicates the differences in naringin and neoeriocitrin levels from the rhizomes of plants of different ages (R2Y, R3Y, R5Y, R6Y, R8Y and R10Y). The red arrow indicates the target peak of neoeriocitrin and the blue arrow indicates the target peak of naringin. Three replicates were carried out for each sample. (C-F) HPLC-MS/MS analyses of naringin/ neoeriocitrin. The product ion mass spectra of naringin from reference standards (C) and biological samples (E) in the negative ion mode. The product ion mass spectra of neoeriocitrin from reference standards (D) and biological samples (F) in the negative ion mode. Conditions: ESI interface; mass spectra were applied using electrospray ionization in negative ionization mode with the m/z range of 100-600 and 100-650; desolvation temperature, 400 C; nitrogen drying gas flow, 800 l h -1 ; nebulizer pressure, 45 p.s.i.; capillary voltage, 3,000 V; argon was used as the collision gas with a collision energy of 30 V.
3-4, 4-5 and >5 kb) were 406,214, 1,328,291, 1,147,936, 715,286, 394,386 and 372,453, respectively (Table 1) . A total of 272,121 full-length non-chimeric reads with an average size of 3,073 bp were obtained (Supplementary Fig. S4 ; Supplementary Table S2) , and the number of high-quality full-length transcripts was condensed to 67,147, with an N50 of 2,977 bp ( Fig. 3A ; Supplementary Table S3 ). In addition, 59,294 of these full-length transcripts were predicted to be long CDS sequences using Transcoder ( Fig. 3B ) and relevant protein sequences (Fig. 3C) .
The annotation, pathway and functional classification of these SMRT data were analyzed based on the NR (non-redundant), GO (Gene Ontology), COG (clusters of orthologous groups), SwissProt, KEGG (Kyoto Encyclopedia of Genes and Genomes) and NT (nucleotide) databases. We annotated 59,100 transcripts (88.02%) for function, among which 52,439 transcripts (78.10%) were assigned to NR databases. There were three major species (Physcomitrella patens, 18.3%; Selaginella moellendorffii, 12.8%; and Picea sitchensis, 12.6%) with high similarity to D. roosii (Fig. 3D) . We assigned 29,012 transcripts (43.2%) to GO databases, which were classified into three main categories [(i) biological process, (ii) cellular component and (iii) molecular function clusters] and further distributed across 53 subcategories (Fig. 3E) . Among the biological processes, candidate genes involved in metabolic and cellular processes were highly represented. In addition, 24,876 transcripts (37.1%) were allocated to COG databases (Fig. 3F) . Among the 24 COG categories, 'general function prediction only' represented the largest group (7,213; 17.9%), followed by 'signal transduction mechanisms' (4,033; 10.0%), 'replication, recombination and repair' (3,913; 9.7%) and 'transcription' (3,818; 9.5%). Moreover, 43,863 transcripts (65.3%), 37,028 transcripts (55.1%) and 41,844 transcripts (62.3%) were allocated to the Swiss-Prot, KEGG and NT databases, respectively (Supplementary Table S4 ). Based on the SMRT data, we suggest that D. roosii has an extremely large genome. In this context, SMRT technology is an effective approach for further biological analysis of plants without a molecular genetic basis and provides a comprehensive transcriptome resource for D. roosii.
Transcriptomic insights into the naringin/ neoeriocitrin-related gene expression pattern in D. roosii
Plant secondary metabolites are important resources of high--value chemicals with pharmacological properties. Phytochemical investigations of D. roosii have revealed that naringin and neoeriocitrin exhibit a highly similar flavonoid structure (L.L. . For assessment of the tissue-and time-specific expression of core genes associated with naringin/neoeriocitrin and the order of accumulation, 30 RNA samples from four different tissues (CLs, CVs, CNRs and CORs) and six time points (2, 3, 5, 6, 8 and 10 years old) were subjected to SGS. Each tissue and time point sample had three biological replications. We obtained 243 billion bases of raw data, with a Q20 >95% and an approximate GC content of 48.9% (Supplementary Table S5 ). After filtration, there were 215 billion bases of clean data (Supplementary Table  S6 ). A total of 118,060 transcripts and 66,499 unigenes were assembled, with N50 values of 2,382 and 2,261 bp, respectively (Supplementary Figs. S5, S6). We allocated 52,334, 39,570, 38,766, 34,129, 23,568 and 30,109 Table S7 ). Based on the NR database analysis, D. roosii shared the highest similarity with three major species (P. patens, 12.6%; S. moellendorffii, 10.2%; and P. sitchensis, 8.2%), which was consistent with the results of the SMRT analysis ( Supplementary Fig. S7 ). According to the Venn diagram, we detected 278 and 144 differentially expressed genes (DEGs) that were shared in pairwise comparisons of different tissues and rhizomes of different ages, respectively ( Supplementary  Fig. S10 ).
As the basic biosynthetic pathways leading to the production of the core flavonoid skeletons have been well characterized in terms of the molecular, genetic and biochemical mechanisms of the enzymes involved (Dixon and Pasinetti 2010), we suggested the pathway of naringin and neoeriocitrin synthesis in D. roosii. Initially, the enzymes of the phenylpropanoid pathway encoded by PAL (phenylalanine ammonia lyase), C4H (cinnamic acid 4-hydroxylase) and 4CL (4-coumarate-CoA ligase) catalyze a series of reactions to form 4-coumaroyl-CoA as the substrate of flavonoid biosynthetic pathways. The evaluation of one core subpathway showed that the products of CHS and CHI are involved in two-step condensation to produce the basic skeleton of naringenin, after which F3H is involved in the production of eriodictyol. In another paratactic subpathway, caffeoyl-CoA is produced by the products of HCT (hydroxycinnamoyltransferase), C3H and C3'H from 4-coumaroyl CoA.
14 CLabeled CHS enzyme assay results showed that the product of CHS1 prefers to convert 4-coumaroyl-CoA to naringenin chalcone, whereas the product of CHS2 prefers to convert caffeoyl-CoA to eriodictyol chalcone in barley, which provided an attractive hypothesis that the eriodictyol CHS eliminates the need for the complex P450-dependent hydroxylation of naringenin to eriodictyol (Christensen et al. 1998) . Additionally, the chromatographic and spectroscopic data showed that the isomerization product of eriodictyol chalcone (also known as 2',3,4,4',6'-pentahydroxy chalcone) is eriodictyol in Tulipa (Wiermann 1970 ). Thus we suggested that eriodictyol chalcone is generated by CHS from caffeoyl-CoA, thereafter eriodictyol is produced via the catalytic action of CHI in D. roosii. Later, UDPglucosyltransferase (UGT) and rhamnosyltransferase catalyze position-specific transfer of glucose and rhamnose to C-7-Oof naringenin to produce naringin (McIntosh and Mansell 1990, Bar-Peled et al. 1991) . B-ring hydroxylation at position 3 of flavonoids is catalyzed by the well-studied Cyt P450 monooxygenase gene F3'H (Hutabarat et al. 2016) . In the present work, we proposed that some UGT genes contribute to the final production of naringin and neoeriocitrin, and F3'H is the key candidate gene for the bioconversion of naringin to neoeriocitrin over the years in D. roosii, which requires further research (Fig. 4B) .
On the one hand, we investigated the tissue-specific expression of DEGs encoding enzymes involved in the pathways shown in Fig. 4B yielding naringin/neoeriocitrin. The DEGs were subjected to the filters of a fold change >2 or <0.5 and a false discovery rate (FDR) <0.01 in the present study. Analysis of our tissue-specific transcriptome data set revealed that 108 candidate DEGs across nine gene families related to naringin/ neoeriocitrin showed significant variation among different tissues (Fig. 4A) . The number of up-regulated genes (fold change >2, 5 and 10) was higher in rhizomes compared with leaves (CL samples), in particular new rhizomes (Fig. 4A, D) . As shown in Fig. 4E , we found that genes in rhizomes showed higher expression [fragments per kilobase of transcript per million mapped reads (FPKM) >10 and 100] than CLs and CVs, especially in CNRs. Moreover, we identified 68 DEGs (63.0%) which exhibited up-regulated expression in rhizomes, comprising three PAL genes, three C4H genes, four 4CL genes, 17 HCT genes, four C3'H genes, 12 C3H genes, seven CHS genes, two CHI genes and 16 F3'H genes. Also, 66.2% of these DEGs appeared to be expressed at higher transcriptional levels in CNRs than in CORs. Notably, two F3'H genes and one gene each of 4CL, C3H, PAL, HCT and CHS were most highly (and quite specifically) expressed in CNRs (fold change >100; Fig. 4A ; Supplementary Table S8 ). On the other hand, we analyzed the transcriptome data from samples of different ages and identified 92 candidate DEGs across nine gene families related to naringin/neoeriocitrin (Fig. 4C) . Fig. 4F shows that the number of up-regulated genes in R3Y, R5Y, R6Y, R8Y and R10Y decreased compared with R2Y (fold change >1, 2, 5 and 10), and Fig. 4G reveals that genes presented down-regulated expression with a decreasing FPKM value over time. Moreover, 70.7% of the DEGs exhibited down-regulated expression over time, and the numbers of down-regulated DEGs (fold change <0.5) in R3Y, R5Y, R6Y, R8Y and R10Y compared with R2Y were 22, 14, 30, 33 and 47, respectively ( Fig. 4C ; Supplementary Table S8) . Three PAL genes, three 4CL genes, one HCT gene and one C4H gene exhibited the lowest transcriptional levels in R10Y (fold change <0.1). Overall, the results confirmed the tissue and temporal expression specificity of the naringin/neoeriocitrin-related genes (NNRGs), especially for PAL, 4CL and HCT, suggesting their crucial roles in the specialized naringin/neoeriocitrin accumulation in D. roosii.
RNA-seq data reveal L-phenylalanine/malonyl-CoA formation and transcription factors associated with naringin/neoeriocitrin in D. roosii Flavonoids are synthesized in plants via the flavonoid branch of the phenylpropanoid and acetate-malonate metabolic pathway, in which L-phenylalanine and malonyl-CoA are the important precursor metabolites for the phenylpropanoid metabolic pathway (Buer et al. 2010) . Beyond the NNRGs displayed in Fig. 4B , we studied genes involved in the formation of L-phenylalanine via the shikimate pathway and malonyl-CoA, which were related to naringin/neoeriocitrin accumulation. For Lphenylalanine, among 25 DEGs, 14 DEGs showed a high expression level in CNRs ( Fig. 5A; Supplementary Table S9 ). Of these, 3-deoxy-7-phosphoheptulonate synthase (CL7383) showed the highest expression level in CNRs (fold change = 354). The numbers of down-regulated DEGs (fold change <0.5) identified in R3Y, R5Y, R6Y, R8Y and R10Y compared with R2Y were 9, 2, 8, 10 and 13, respectively. For malonyl-CoA, we analyzed 112 DEGs and identified 77 DEGs (68.8%) that were specifically expressed in rhizomes. Among these DEGs, 49 (63.6%) were expressed at a high level in CNRs. Of these, alcohol dehydrogenase 1/7 (CL2849, fold change = 440) and 3-ketoacyl-CoA synthase (CL7598, fold change = 445) were most specifically expressed in CNRs. The number of down-regulated DEGs (fold change <0.5) identified in R3Y, R5Y, R6Y, R8Y and R10Y was 24, 12, 47, 33 and 46, respectively. ACCase is a biotin-containing enzyme that catalyzes the carboxylation of acetyl-CoA to malonyl-CoA. In our work, two acetyl-CoA/propionyl-CoA carboxylase genes (CL18632 and Unigene9710) encoding ACCase were expressed at a high level in CNRs, and two acetyl-CoA/propionyl-CoA carboxylase genes (CL18632 and CL10663) exhibited a downregulated expression pattern over time. The DEGs involved in Lphenylalanine formation (phenylalanine, tyrosine and tryptophan biosynthesis) and malonyl-CoA formation (fatty acid biosynthesis, fatty acid elongation and fatty acid metabolism) exhibited tissue-specific expression profiles, with the highest expression being observed in CNRs, and displayed time point expression specificity with down-regulated expression over time.
To understand the regulatory role of transcription factors (TFs) on gene expression in D. roosii, we analyzed the expression profiles of MYB-and basic helix-loop-helix (bHLH)-regulated DEGs in different tissues and plants of different ages, and discovered 84 MYB-and 118 bHLH-regulated DEGs ( Fig. 5B ; Supplementary Table S10). Among these MYB-regulated DEGs, 57 (67.9%) were highly expressed in rhizomes, and 41 (71.9%) were more highly expressed in CNRs. Two MYB-regulated DEGs (CL17931, fold change = 433; CL8191, fold change = 581) were most highly expressed in CNRs. The numbers of down-regulated DEGs (fold change <0.5) identified in R3Y, R5Y, R6Y, R8Y and R10Y were 18, 19, 31, 35 and 40, respectively. Among the bHLH-regulated DEGs, 88 (74.6%) were highly expressed in rhizomes and 63 (71.6%) were more highly expressed in CNRs. The bHLH-regulated DEGs (CL4885, fold change = 468; Unigene731, fold change = 476) were most specifically expressed in CNRs. The number of down-regulated DEGs (fold change <0.5) identified in R3Y, R5Y, R6Y, R8Y and R10Y was 19, 13, 52, 33 and 62, respectively. The results revealed that TF-regulated genes share a similar expression pattern, with higher transcription levels in CNRs, and displayed down-regulation along with increasing age, suggesting that the regulation of gene expression by bHLH and MYB depended on different tissues and ages in D. roosii.
Weighted gene co-expression network analysis in D. roosii
To identify the relationship between modules and samples, a gene co-expression network was constructed using 16,472 DEGs (Fig. 6A) . Principal component analysis data showed that principal components 1, 2 and 3 explained 74.83, 14.90 and 4.42% of the observed variation, respectively ( Supplementary  Fig. S11 ). In Fig. 6A , a network heat map plot (interconnectivity plot) of the gene network is shown, with the corresponding hierarchical clustering dendrograms and resulting modules. Using a set of parameters that produced refined clusters, we detected 17 modules containing from 41 to -6,137 DEGs each (fold change >2 or <0.5; FDR <0.01). The expression profile of each module is summarized by a module eigengene, which is analogous to the first principal component of the module expression data (Langfelder and Horvath 2008) . The modules were defined using color codes, as shown in Fig. 6B . We also calculated the similarity and clustered these modules into different groups depending on their eigenvalues. A comparison of the module eigengenes (Fig. 6B, C) revealed four related module sets that displayed similar expression profiles across different samples: (i) the royalblue, saddlebrown, brown, orangered4 and purple modules; (ii) the violet, darkmagenta, salmon and turquoise modules; (iii) the floralwhite, darkorange and pink modules; and (iv) the darkorange2, tan, plum1, bisque4 and lightsteelblue1 modules. The 17 module eigengenes for the 17 distinct modules showed some cross-talk with distinct sample types, due to the tissue-specific expression profiles of the eigengenes. Notably, seven of the 17 co-expression modules were composed of genes that were highly expressed in specific samples (R > 0.45; P < 10 -3
). Therefore, each of these seven modules identified (or was correlated with) genes associated with a specific tissue or time point. For example, the salmon module identified 2,413 CV-specific genes; the darkorange module identified 1,633 R2Y-specific genes; the darkorange4 module identified 669 R10Y-specific genes; and the saddlebrown module identified 807 R8Y-specific genes (Fig. 6D) .
Identification of naringin/neoeriocitrin-related gene expression pattern using modular organization analysis
The investigation of relationships between module eigengenes and naringin/neoeriocitrin contents revealed that the correlation coefficients varied widely, from -0.79 to 0.7 for naringin and from -0.58 to 0.83 for neoeriocitrin (Fig. 7A) . The eigengenes of the darkorange2, tan, turquoise and salmon modules showed significant correlations with naringin (jRj > 0.5, P < 0.001), although the turquoise and salmon modules were negatively correlated (Fig. 7A) . The saddlebrown, brown, orangered4, purple and darkmagenta modules showed significant correlations with neoeriocitrin (jRj >0.5, P < 0.001), although darkmagenta was negatively correlated. These nine modules of interest comprised 13,704 DEGs, among which the turquoise module was the largest, with 6,137 DEGs. A heat map of the relative expression of each gene from the nine modules revealed that many of the darkorange2 and tan module genes (positive correction with naringin) were most highly expressed in CNRs, followed by R3Y, with a high ratio of young tissue. On the other hand, a group of genes in the turquoise and salmon modules (negative correction with naringin) were more highly expressed in CLs and CVs, respectively. Moreover, most genes in the brown, orangered4, purple and saddlebrown modules (positive correction with neoeriocitrin) were specifically expressed in R10Y and R8Y, with a high ratio of old tissue, and many genes in the darkmagenta module (negative correction with neoeriocitrin) were specifically expressed in CNRs (Fig. 7B) . Genes positively associated with naringin were specifically expressed in new rhizomes (CNRs/R3Y), while genes positively associated with neoeriocitrin were specifically expressed in old rhizomes (R8Y/R10Y), suggesting the tissue-and time point-specific pattern of the NNRGs in D. roosii. Furthermore, we performed an enrichment analysis of GO annotations of naringin/neoeriocitrin-related module genes, and the results showed that the greatest number of DGEs fell in 'metabolic process' of the biological process category (Supplementary Table S11 ).
WGCNA reveals gene co-expression networks associated with naringin/neoeriocitrin
Among these 17 modules, the turquoise and tan modules had the largest number of MYB-and bHLH-regulated genes compared with other modules, which indicated the involvement of MYB and bHLH TFs in regulating gene expression in the turquoise and tan modules (Fig. 8A) . The hub gene network analysis revealed a hierarchical organization of highly connected genes in each module, through which core controlling (hub) genes in the modular network could be identified. To evaluate the co-expression pattern of NNRGs, we compared the networks using naringin/neoeriocitrin synthesis-related genes (NNSRGs) and TFregulated DEGs in the turquoise and tan modules. The connections of the naringin-related and TF-regulated DEGs produced a network of 60 nodes and 440 edges in the turquoise module, showing that eight metabolic pathway hub genes (three C4H gene, two 4CL genes, two CHS genes and one PAL gene) were highly co-expressed with 52 TF-regulated genes (16 MYB-and 36 bHLH-regulated genes). The WGCNA between 15 pathway hub genes (five CHS genes, three 4CL genes, three CHI genes, three PAL genes and one C4H gene) and the list of 57 TF-regulated genes (22 MYB-and 35 bHLH-regulated genes) was conducted in the tan module associated with naringin, and the resulting network contained 72 nodes and 948 edges. Regarding the significant neoeriocitrin synthesis-related and relevant TF-regulated genes, the co-expression networks contained 92 nodes and 2,802 edges in the turquoise module, and 91 nodes and 2,447 edges in the tan module. The turquoise module included 40 hub pathway genes (14 HCT genes, 11 F3'H genes, five C3H genes, three C4H genes, two C3'H genes, two CHS genes, two 4CL genes and one PAL gene) and 52 TF-regulated genes (16 MYB-and 36 bHLH-regulated genes). A total of 34 hub pathway genes in the tan module comprised eight F3'H genes, seven C3H genes, five CHS genes, four HCT genes, three PAL genes, three 4CL genes, three CHI genes and one C4H gene, together with 22 MYB-regulated genes and 35 bHLH-regulated genes ( Fig. 8B ; Supplementary Tables S12, S13).
Among naringin-related modules, 10 hub genes in the tan module showing the highest edge number (71 edges) comprised three PAL genes, three 4CL genes, two CHI genes, one C4H gene and one CHS gene, while seven hub genes in the turquoise module exhibiting the highest edge number (59 edges) comprised three C4H genes two 4CL genes, one PAL gene and one CHS gene (Supplementary Table S12 ). These results indicated that the 4CL, PAL and C4H gene families might play the central roles in naringin synthesis. For neoeriocitrin-related modules, 19 hub genes in the tan module presenting the highest edge number (90 edges) consisted of six C3H genes, three HCT genes, three 4CL genes, two F3'H genes, two PAL genes and one each of C4H, CHS and CHI. The 23 hub genes in the turquoise module exhibiting the highest edge number (91 edges) were nine HCT genes, three C3H genes, two C4H genes, two 4CL genes, two C3'H genes, one PAL gene and one CHS gene (Supplementary  Table S12 ). These results suggested that the HCT and C3H gene families might play the most significant roles in neoeriocitrin synthesis. In total, the above results showed that the 4CL, PAL and C4H, and HCT and C3H gene families acted as the most important hub genes in the naringin-and neoeriocitrin-related co-expression networks, respectively, and played vital roles in naringin and neoeriocitrin synthesis. In addition, the majority of naringin/neoeriocitrin synthesis-related hub genes exhibited high co-expression with TF-regulated genes, which suggested that these TF-regulated genes were candidate genes involved in regulating naringin/neoeriocitrin synthesis, and MYB/bHLH TFs might take part in regulating the NNSRGs at the transcriptional level in D. roosii. Fig. 8C shows the patterns of transcript abundance of co-expressed hub enzymes and MYB/bHLH TFregulated genes based on Fig. 8B . Genes in the turquoise and tan modules exhibited a highly co-expressed pattern and showed a negative and positive association with naringin content, respectively. Furthermore, the DEGs in the turquoise and tan modules were mapped onto KEGG pathways and presented the top 20 enriched pathways ( Supplementary Fig. S12A, C) . Of these, 'Flavonoid biosynthesis' (ko00941), 'Flavone and flavonol biosynthesis' (ko00944) and 'Biosynthesis of secondary metabolites' (ko01110) were enriched observably for turquoise and tan modules. 'Phenylpropanoid biosynthesis' (ko00940), 'Phenylalanine metabolism' (ko00360) and 'Fatty acid elongation' (ko00062) were particularly enriched for the tan module. Supplementary  Fig. S12B and D presents the number of DEGs in the turquoise and tan modules involved in 'Biosynthesis of secondary metabolites' (ko01110), 'Fatty acid metabolism' (ko00071), 'Tyrosine metabolism' (ko00350) and 'Tryptophan metabolism' (ko00380), which were related to naringin/neoeriocitrin accumulation in D. roosii. The number of genes involved in 'Flavonoid biosynthesis' and 'Phenylpropanoid biosynthesis' (ko00940) was the highest when compared with other pathways. Indeed, biosynthesis of secondary metabolites, especially of flavonoid, was enriched in these naringin/neoeriocitrin-related modules depending on tissues or ages in D. roosii.
Based on the co-expression network results, we detected the expression profiles of several hub genes associated with naringin/ neoeriocitrin synthesis using quantiative real-time reverse transcription-PCR (qRT-PCR). The present results showed that the transcripts of PAL (CL9563), 4CL (CL5245) and C4H (CL4574) genes associated with naringin were higher in rhizomes, especially in new rhizomes, when compared with leaves and veins. Also, the expression of these genes remained unregulated over the years (Fig. 9A-C) . Similarly, the transcripts of HCT (CL11832; CL4397) and C3H (CL6561) genes associated with neoeriocitrin were higher in the new rhizome than in other tissues. Nevertheless, the expression of these genes was clearly downregulated over the years (Fig. 9D-F) . The qRT-PCR results were consistent with our transcriptome data and supported the tissue-and age-dependent naringin/neoeriocitrin accumulation profile as shown in Figs. 1C, D and 2A , B.
Discussion
Medicinal aspects of naringin and neoeriocitrin in the fern D. roosii Osteoporosis is the most common bone-related health problem, affecting millions of people around the world, and especially the aging population. Naringin and neoeriocitrin are considered the main effective compounds of 'GuSuiBu', which has been extensively studied in TCM regarding its protective role in the maintenance of bone mass in various models of osteoporosis . A reversed-phase HPLC with photodiode array detection method was previously developed for the accurate quantitative determination of naringin/neoeriocitrin and applied for fingerprint analysis of D. fortunei rhizomes (H.T. . In the present study, HPLC-MS/MS analysis confirmed the highly similar chemical structure (Fig. 2C, D) and revealed the tissue-and time-specific accumulation pattern of naringin/neoeriocitrin in D. roosii. The naringin content presented particular high accumulation in CNRs and remained relatively stable over the years, whereas neoeriocitrin content was maintained at a much higher level in CORs and increased gradually over the years (Figs. 1C, D, 2A, B) . Moreover, we found that at least 8 years was required for D. roosii to accumulate similar naringin and neoeriocitrin contents to wild plants, which are commonly harvested for medicinal use (Fig. 1D) . However, 3 years of growth time was adequate for biomass accumulation of D. roosii (Fig. 1E) . To balance the time cost and biomass demand for industrial development, we suggest that 3 years of growth is reasonable for further studies aimed at improving medicinal components for D. roosii.
Combined sequencing approach to achieve a comprehensive transcriptome resource of D. roosii Structural and functional genomics studies are fundamental to the understanding of plant metabolism, necessitating further cloning efforts to obtain comprehensive sequences for the investigation of potential mechanisms underlying the specialized naringin/neoeriocitrin accumulation pattern in D. roosii. To perform such studies, access to high-quality genome and transcriptome sequences is essential. The transcripts derived from SGS may suffer from misassembly of the reads transcribed from highly repetitive regions or very similar members of multigene families, which may be even more severe for polyploid plants with many nearly identical homoeologous gene sets (B. . Based on RNA-seq data, we found that D. roosii harbored a mass of nearly identical homoeologous sequences, indicating its extremely large genome. SMRT sequencing with a read length up to 20 kb renders PacBio RSII very effective in the sequencing of full-length cDNAs that exhibit long transcript isoforms (Sharon et al. 2013) . In this work, we presented comprehensive, high-quality, full-length transcriptome sequences for D. roosii using SMRT technology. A recent study reported that high-accuracy de novo transcriptome assemblies of A. deserti and A. tequilana in this way offered new resources for studying stress adaption (Gross et al. 2013) . Based on our SMRT and SGS data, NR analysis showed that D. roosii shared high similarity with three major species (P. patens, S. moellendorffii and P. sitchensis), which provided us with the reference plants for study of D. roosii ( Fig. 3D; Supplementary Fig. S7 ). The combination of SMRT sequencing and SGS technology first provided such abundant genetic information resources for D. roosii, vastly contributing to further study of its medicinal value.
Transcriptomic analysis of the tissue-and timespecific naringin/neoeriocitrin-related gene expression pattern
Numerous studies have indicated that the expression of the genes involved in the flavonoid biosynthetic pathway is controlled by distinct mechanisms in a tissue-or species-specific manner (Schaart et al. 2013) . This regulation involves different sets of transcriptional regulators that are specific to each class of flavonoids . Using a non-targeted metabolomics approach, statistical analyses revealed that both development time and tissue type influenced metabolic changes, and development time seemed to produce more effects than tissue type on the fruit metabolome in cucumber. Most of the metabolite contents decreased gradually, while those of some flavonoids, amino acids and carbohydrates increased throughout development (Hu et al. 2018) . The expression pattern in blackberry tissue showed that 6,604 and 6,599 genes were particularly overexpressed in fruits and leaves, respectively. Moreover, bioactives characterization indicated that total phenolics and flavonols were higher in leaves, while anthocyanins were higher in fruits (Gutierrez et al. 2017) . The expression patterns of ParPAL1 and ParPAL2 genes were investigated in various vegetative tissues of apricot, and ParPAL1 transcripts were 3-fold more abundant in callus tissue than in leaves and bark tissue; nevertheless, ParPAL2 was expressed at the same level in all tissues (Irisarri et al. 2016) . A tissue-specific expression analysis indicated that Ma4CL3 was strongly expressed in root bark, stem bark and old leaves, and its expression pattern was similar to the trend of the total flavonoid content throughout fruit development in mulberry . In the present study, the transcriptome analysis confirmed that rhizomes served as the main tissue in which naringin and neoeriocitrin were generated and stored, and revealed that the NNRGs exhibited tissue-or time-specific expression patterns in D. roosii. Fig. 4 and Supplementary Table S8 showed that 68 DEGs associated with naringin/neoeriocitrin synthesis (63.0%) exhibited higher expression in rhizomes, with 66.2% of these DEGs appearing to be most highly expressed in CNRs, and the number of down-regulated DEGs (fold change <0.5) increased over time. Notably, the obviously unique expression pattern of PAL, 4CL and HCT observed in different tissues and plants of different ages suggested the pivotal roles of these genes in naringin/neoeriocitrin synthesis. Combined with the similar tissue-and time-specific expression patterns of other NNSRGs (F3'H, C3H, CHS and C4H), our study illustrated the molecular regulatory mechanisms underlying naringin/neoeriocitrin synthesis in D. roosii.
Flavonoids are derived from phenylalanine, which is a precursor of the phenylpropanoid metabolic pathway, via shikimate biosynthesis. Shikimate biosynthesis provides carbon skeletons for aromatic amino acids (Tohge et al. 2013) . Accordingly, we found that the DEGs involved in L-phenylalanine formation via the shikimate pathway exhibited a tissue-and time point-specific expression pattern, in which the corresponding genes were most highly expressed in CNRs and displayed a down-regulated expression pattern over time (Fig. 5A) . Malonyl-CoA is an important precursor metabolite for the biosynthesis of flavonoids and is naturally consumed for fatty acid biosynthesis, elongation and metabolism, leaving a reduced amount of malonyl-CoA available for the production of other metabolic targets (Chen et al. 2011) . In the present study, the DEGs involved in malonyl-CoA formation exhibited rhizome-specific expression profiles, and were more highly expressed in CNRs (especially genes in the fatty acid elongation pathway); these DEGs displayed a down-regulated expression pattern over time. Recent studies have indicated that the expression of PAL, 4CL and F3H in the phenolic biosynthesis pathway may be positively or negatively regulated by MYB and bHLH TFs (Sun et al. 2017 ). In the case of grapevine, VviMYBC2-L1 and VviMYBC2-L3 have been characterized as negative regulators to fine-tune flavonoid levels (Cavallini et al. 2015) . In the present study, we discovered that 67.9% of MYB-regulated DEGs were highly expressed in rhizomes, and 71.9% of these DEGs were more highly expressed in CNRs. Among the bHLH-regulated DEGs, 74.6% displayed higher transcriptional levels in rhizomes, and 71.6% of these DEGs were more highly expressed in CNRs. Moreover, the number of down-regulated (fold change <0.5) MYB-and bHLH-regulated DEGs clearly increased over time (Fig. 5B) . All these findings indicated that MYB-and bHLH-regulated genes exhibited a similar expression pattern to NNSRGs, and MYB-or bHLHmediated naringin/neoeriocitrin synthesis might also depend on different tissues and ages.
WGCNA of naringin/neoeriocitrin-related gene expression
The systems approach for data mining via WGCNA was particularly fruitfull in identifying information about modules that were shared by subsets of samples and linked to phenotypic traits, and this method appears to be quite effective in revealing common features or trait-specific modules and important hub genes for systems biology research (Hollender et al. 2014 ). The present study was a novel application of WGCNA in systems biology research on the naringin/neoeriocitrin-related gene expression in D. roosii. Our work elucidated 17 clustered modules of a total of 16,472 DEGs depending on the gene expression, and analyzed the relationships of modules/modules, modules/samples and modules/traits (Figs. 6, 7) . Moreover, the salmon, darkorange, darkorange4 and saddlebrown modules identified 2,413 CV-specific, 1,633 R2Y-specific, 669 R10Y-specific and 807 R8Y-specific genes, respectively (Fig. 6D) . Nine modules exhibited significant association with naringin/neoeriocitrin, and DEGs in each module displayed higher expression in a specific tissue or at a specific time point (Fig. 7) . These results contributed a lot to understanding the expression profiles of the NNRGs in different tissues and plants of different ages, and confirmed the tissue and time specificity of the NNRGEP in D. roosii.
Hub gene analyses were powerful in revealing important regulatory factors for specific biological features. In the present study, the transcriptome data analyses and WGCNA revealed information on hub genes, which presented high co-expression with MYB-and bHLH-regulated genes in networks. For naringin-related genes, three PAL genes, three 4CL genes and three C4H genes exhibited the highest edge number, while for neoeriocitrin-related genes, six C3H genes and nine HCT genes displayed the highest edge number in tan and turquoise module networks (Fig. 8B) . The gene families of 4CL, PAL and C4H, and HCT and C3H played important roles in naringin and neoeriocitrin synthesis, respectively, which was consistent with the heat map analysis of PAL, 4CL and HCT genes in D. roosii. Different branches of the flavonoid pathway are highly regulated at the transcriptional level, especially by MYB and bHLH TFs, with some genes being co-expressed to stimulate or inhibit flavonoid accumulation in blackberry (Gutierrez et al. 2017) . Considering the highly co-expressed relationship between naringin/neoeriocitrin synthesis-related hub genes and TF-regulated genes, we suggested that these MYB-and bHLHregulated genes were candidates involved in regulating naringin/neoeriocitrin synthesis, and MYB/ bHLH TFs were indirectly linked to the hub genes of 4CL, PAL, C4H, HCT and C3H. The assessment of co-expression groups might enable basic discoveries related to genome function, regulatory networks, biomarkers and candidate genes, and support new evidence for the reorganization of plant metabolism.
Materials and Methods
Plant materials and RNA sample preparation C until RNA isolation. All rhizome samples were cut into pieces, mixed evenly and ground into flour with a grinding machine (IKA A11 basic, Staufen). Total RNA was obtained from each sample using an RNAprep Pure Plant kit (TIANGEN Biotech) according to the manufacturer's instructions. The quality of RNA was determined using a NanoDrop 2000 spectrophotometer and an Agilent 2100 bioanalyzer (Agilent Technologies).
Quantitative analyses and validation of naringin/ neoeriocitrin metabolites
Samples were analyzed using HPLC according to methods described previously (Cui et al. 2016) . The powdered D. roosii samples were dried using vacuum freeze-drying equipment and passed through a 40 mesh sieve, after which 0.02 g of the sample powder was extracted with 2 ml of 80% ethanol in an ultrasonic bath for 30 min. The extracted solution was stored in a refrigerator at 4 C for 16 h and then placed in an ultrasonic bath for 30 min. The solution was filtered through a 0.45 mm filter membrane before the injection of 10 ml for HPLC analysis. A Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific) was used for the analysis. In addition, analysis was carried out on a ANPEL Athena C18-WP chromatographic column (4.6Â150 mm, 5 mm, internal diameter, Tosoh) with a gradient elution program. The mobile phase was composed of 0.1% formic acid in ultrapure water (A) and acetonitrile (B). The elution program was optimized and conducted as follows: a linear gradient of 10-20% B (0-10 min), a linear gradient of 20-26% B (10-31 min), a linear gradient of 26-10% B (31-33 min) and a linear gradient of 10% B (33-35 min), at a flow rate of 0.8 ml min -1 . The column temperature was maintained at 35 C, and the detection wavelength at 280 nm. Three replicates were carried out for each sample. The reference standards of naringin and neoeriocitrin used in HPLC analysis were purchased from Sigma-Aldrich. HPLC grade acetonitrile was obtained from Thermo Fisher Scientific. All other regents were of analytical grade and obtained from Beijing Chemical Works.
Target compounds were identified using HPLC-MS/MS as described by Cui et al. (2016) . Mass spectra were applied using electrospray ionization in negative ionization mode with the m/z range of 100-600 and 100-650. A nitrogen drying gas flow of 800 l h-1 , a desolvation temperature at 400 C, a nebulizer pressure of 45 p.s.i. and a capillary voltage of 3,000 V were used. Argon was used as collision gas with collision energy of 30 V.
PacBio library construction and sequencing
The purified RNA samples from the four different tissues were used for PacBio library construction and sequencing. Normalized cDNAs of different sizes were constructed separately for seven SMRT cell libraries using the Clontech SMARTer PCR cDNA Synthesis Kit. The templates were bound to SA-DNA polymerase and V2 primers using the DNA/Polymerase Binding Kit 2.0. The complexes of templates and polymerase were bound to magnetic beads and then transferred to a 96-well PCR plate for processing using a PacBio RS system with C2 sequencing reagents. The subreads were filtered and subjected to CCS through SMRT Analysis_2.3.0. (http://www.pacb.com/support/software-downloads/).
Illumina library construction and sequencing
Thirty RNA samples from different tissues and rhizomes of different ages were used for Illumina library construction and sequencing. The cDNA libraries for HiSeq X Ten sequencing were constructed as follows. The total RNA from each sample was treated with DNase I, and poly(A) mRNA was isolated with oligo(dT) beads, followed by reverse transcription into first-strand cDNA using reverse transcriptase. Second-strand cDNA was synthesized with DNA polymerase I and RNaseH and then ligated with an adaptor or index adaptor using T4 DNA ligase. The adaptor-ligated fragments were separated and excised through agarose gel electrophoresis. PCR was performed selectively to enrich and amplify the cDNA fragments. Finally, the cDNA libraries were sequenced using HiSeq X Ten at Hangzhou 1 gene Technology Co., Ltd.
Gene co-expression network analysis and network visualization
Co-expression and module analyses were performed using functions of the R package WGCNA V1.41-1 (Langfelder and Horvath 2008) . A soft power threshold of 6 was employed to transform the correlation matrix into a signed weighted adjacency matrix, leading to an approximate scale-free topology for the obtained network. The resulting adjacency matrix was used to calculate the topological overlap matrix (TOM). Next, a gene expression adjacency matrix was constructed using the soft-threshold Pearson correlation (power = 6) between all pairs of probe expression data. Such soft thresholding yields a scalefree network (scale-free topology model fit R 2 = 0.9). A topological overlap map was calculated by comparing the similarity of the connectivity of each pair of probes. A dynamic hybrid tree-cut algorithm (R package dynamicTreeCut, v. 1.60) was employed for module detection. The minimum size of the module was set to 30 to avoid small modules, and DeepSplit was set to 4 to produce fine clusters. Modules exhibiting high similarity of eigengenes (dissimilarity, 0.25) were merged to avoid oversplitting clusters. The networks were visualized using Cytoscape _v.3.0.0. 
Validation of the expression of naringin/ neoeriocitrin-related hub genes Funding
